preservation procedure outlined below. Single assays are insufficient to evaluate a strain, and daily assays on cultures over a period of 5 to 14 days may be necessary. Experience has shown that results obtained from single treatments have very little quantitative significance; triplicate treatments are almost essential.
Degeneration of penicillin-producing ability of strains of P. notatum; preservation of active cultures Cultures of P. notatum tend to lose spontaneously their ability to form penicillin, either entirely or partially. This behavior is not confined to penicillin formation by P. notatum but is the "physiological" or "biochemical degeneration" well known for microorganisms. Clutterbuck, Lovell and Raistrick (1932) have already noted this variability or degeneration of P. notatum in connection with the formation of the yellow pigment, chrysogenin, and also penicillin. The penicillin-producing capacity of P. notatum seems particularly susceptible to degeneration, which occurs quite rapidly if rigorous control is not exercised. It may take place without any conspicuous cultural changes, although frequently degenerated cultures show a reduction in the tendency to sporulate abundantly. An indication that a culture is apt suddenly to lose or be weakened in its ability to produce penicillin may frequently be observed in spore cultures of the mold, especially on agar surfaces. Cultures allowed to incubate a few days beyond the time of maximum sporulation begin to show isolated secondary developments. At first small, white, cottony patches, they increase and gradually spread over the surface. Such cultures are most apt to give sub-cultures weak in penicillin activity.
Continued successive transfers on artificial media are conducive to degeneration of P. notatum and of microorganisms in general. Two possible interpretations exist: 1) Cells which have high penicillin-producing capacity give rise to daughter cells (through spores or vegetative cells) which progressively lose this capacity. 2) Each culture is composed of a mixture of substrains or cells heterogenous in regard to this capacity, and during continued propagation the poor substrains overgrow the good strains and predominate in the culture. The good strains in the mixture cannot thereafter compete effectively for nutrients, and the culture as a whole has a reduced capacity for penicillin formation.
The first theory would be difficult to prove or disprove conclusively; on the other hand some evidence does exist in favor of the second theory. Single spore or colony isolations from a given parent culture, when tested for penicillin activity, show a marked diversity in this particular property. The tendency is toward a reduction, but isolates roughly equal to the parent culture are also found. Numbers of substrains having no, or very little, penicillin activity can be readily isolated. Occasionally substrains appreciably better than the parent will be found, but this occurs in a very small percentage of the total numbers tested.
An example of the type of cultural and physiological variation obtained in substrains is given in the following summary of three experiments. Different types of colonies as described were isolated by plating out three stock strains of P. notatum which were compared in duplicate for penicillin-producing ability in brown sugar medium (see Protocol A). A single spore or colony strain of a certain penicillin activity does not remain homogeneous in this respect. Substrains isolated from it will also show a spectrum of activities in its progeny. Apparently these cultures continually tend to "vary" or "mutate" by forming progeny of varying physiological properties and a given strain continues to do so until the penicillin-producing power of the culture is entirely lost unless steps are taken to prevent it.
The biological degeneration of penicillin-producing ability can be prevented by holding to an absolute minimum the number of vegetative transfers any given stock culture is put through until the time it is used in the final liquid medium.
The following system effectively preserves the activity of cultures so that the production of potent penicillin broths can be maintained uninterruptedly. Spore suspensions of various stock cultures or colony isolates are tested for penicillin activity in liquid media. The culture showing highest activity is selected and spores from it mixed in several tubes of dry sterile sand or soil and the mixture dried at low temperature. The spores are retested for activity immediately after the drying process. Invariably they are as good as the original culture. These dried cultures are the master cultures and maintain full penicillin activity indefinitely. The routine for producing penicillin broth is as follows: In this manner the number of vegetative transfers is reduced to a minimum and with it the danger of degeneration. Each batch of liquid medium is only two generations removed from spores of proved high activity and since the same soil culture may be used indefinitely, uniformity of culture potency is insured for a long time. In practise, different tubes of the soil cultures are used daily, i.e., on a stagger system, so that if something should go wrong with a given tube, only the liquid cultures for that day would be bad while those on subsequent days, originating from different tubes, would be good.
As mentioned earlier, it is important to stop incubation of spore cultures within one day after maximum sporulation occurs, which generally takes 3 to 4 days; otherwise the secondary vegetative development begins. Spores so prepared can be preserved with full penicillin activity for many months by storing in a refrigerator. The bright green spore color tends to change into a grey or brownish green with age, but this is without effect on the activity of the spores.
Production of penicillin in synthetic media Two-liter Erlenmeyer flasks containing the modified Czapek-Dox medium previously described for penicillin production (Abraham, et al., 1941) were inoculated with P. notatum, incubated at 25°C. and tested by ordinary dilution methods for antibacterial activity against Staphylococcus aureus in nutrient broth. From an initial value of approximately 6.5 the pH of the medium fell slowly to 3.0-4.0 but, contrary to the description of the Oxford investigators, failed to rise up to pH 7.0-8.0 and remained at the low pH throughout. Neutralized samples of the cultures showed high antibacterial activity and batches of such cultures ranging from 10 to 100 liters were then extracted' with amyl acetate at pH 2 according to the Oxford procedure for the recovery of penicillin. The antibacterial activity could not, however, be extracted by this procedure, and it was postulated that penicillin in these cultures existed in a non-extractable form, presumably bound with a high molecular substance. The mold growths appeared quite different from those of Abraham, et al. (1941) . The pellicles were thin, without wrinkles or spores, and the liquid was practically colorless, only a faint yellow tinge appearing. When the basal modified Czapek-Dox medium was supplemented with yeast extract, brain-heart infusion, etc., the behavior of the cultures resembled that of the Oxford workers, and the antibacterial activity of the liquid was extractable at pH 2 with organic solvents and in general showed the characteristic properties of penicillin.
Experimentation revealed that the formation of non-extractable antibacterial activity was always associated with a low pH of the culture medium and one which remained low (pH 3-4). A number of different tests in the basal CzapekDox medium in which tap water was used, different batches of chemicals, heavy metals, etc., showed that the failure of the pH to rise was due to the excessive purity of the ingredients of the medium. When impure or crude chemicals are used in the medium, the pH always rises normally. These impurities are primarily traces of heavy metals, particularly zinc and also iron, copper and manganese. Introduction of these elements into the basal medium evokes the typical culture changes reported by the Oxford workers. Organic supplements accomplish the same change. The surface pad was much heavier and more wrinkled, and sporulation and yellow pigmentation of the medium were present. The pH rose to 8.0-8.5. Antibacterial activity corresponding to authentic penicillin could be extracted from such cultures.
The isolation of notatin by Coulthard et al. (1942) provides an explanation for the above discrepancies. Notatin [also called penatin (Kocholaty, 1942) , penicillin B (Roberts, et al., 1943) and coli factor (Waksman and Woodruff> 1942) ] is an antibacterial substance distinct from penicillin but also found in P. notatum cultures. It is active against gram-negative bacteria; penicillin is active primarily against gram-positive organisms. Its properties leave no doubt. that the unextractable antibacterial activity described above was identical with notatin. Thus, certain strains of P. notatum may produce two separate antibacterial substances, and the cultural conditions govern which is formed. Underacid conditions notatin is formed, and in neutral or alkaline media true penicillin is formed. It is probable that different strains will vary in their relative ability to produce either one.
'Cultures in synthetic media may produce notatin only during the early stages, and althQugh penicillin is formed as the culture ages, the notatin does not increase significantly but may persist, so that in the later stages both antibacterial substances are present (analysis of data published by Kocholaty, 1942) . In our experiments the early formation of notatin in synthetic medium is correlated with a fall in pH to about 3-4. However, under conditions where the pH value does not fall to this level and remain there for a few days but instead falls only to 4.2-4.6 and remains at that level for a much shorter time before rising rapidly to pH 7-8, notatin is not formed, and the whole of the antibacterial activity of the culture filtrates is due to penicillin.
Notatin is a flavoprotein which oxidizes glucose to gluconic acid, and, indeed, for its antibacterial effect requires glucose (or other carbohydrates) (Coulthard, et al., 1942; Roberts, et al, 1943) . Although the assay of mold filtrates containing notatin is made in a carbohydrate-free medium (nutrient broth), enough carbohydrate is carried over in the sample to produce the effect.
Of all the synthetic or nearly synthetic media tested, the brown sugar medium of Hobby, Meyer and Chaffee (1942) was decidedly superior for penicillin activity. Its composition is as follows: dark brown sugar, 2 per cent; NaNO3, 0.35; MgSO4 7H20, 0.05; KCI, 0.05, KH2PO4, 0.15; FeSO4 7H20, 0.015. It was found later that an increase to 0.60 per cent NaNO3 was an improvement for penicillin activity. Growth is considerably more rapid and abundant in brown sugar and is accompanied by intense yellow pigmentation (chrysogenin). Good penicillin activity is rarely found in the absence of this pigmentation. Undoubtedly the impurities in brown sugar are of the right kind, amount or balance for penicillin formation. Different grades of brown sugar are progressively better for penicillin activity according to the degree of impurity. Figure 1 shows the course of change of penicillin formation, pH, dry cell weight and residual sugar during a typical brown sugar experiment in 2-liter Erlenmeyer flasks containing 500 ml. medium. The acidity falls in the early stages from pH 5.5 to 4.5 and then rises rather rapidly up to approximately 8.0 and frequently to 8.5-8.8. The acidity is due to the formation of gluconic acid; and its consumption later, together with nitrate ion, leaves an accumulation of sodium ion, which raises the pH. Penicillin accumulation began on the fifth day and rose rapidly to its peak on the eleventh to the thirteenth day followed by a rather rapid loss in activity thereafter. Growth paralleled sugar consumption, and maximum penicillin formation appeared to be reached in this experiment only after maximum growth was attained. Practically all the sugar was consumed before maximum penicillin accumulation occurred. The reducing power of these filtrates never entirely disappears, some small amount of non-fermentable reducing substance apparently being formed as a result of growth of the mold. 14 13 12PEIILh E k-j1Q of excess nitrate favors the further oxidation and conversion into cell material of initially-formed gluconic acid. It may be that trace impurities in the NaNTO3 are in part responsible for this favorable effect. Table 1 shows the effect of phosphate concentration on penicillin formation in brown sugar medium. While 0.01 per cent was not limiting for syntthesis of cell material, it did limit penicillin formation. Although that amoun t of phos.-phate gave maximum growth, much more phosphate was assimilated when it was available (0.03 per cent), and this led to increased penicillin a3cumulation. Thus, the favorable effect of phosphorus on penicillin formation appears due not solely to synthesis of more cell material but also to effects on the metabolism of the mold.
The superiority of brown sugar over pure sucrose is not entirely due to the mineral impurities of the former. Brown sugar was ashed over a flame and then in a muffle furnace at 500°C. The ash was dissolved in a minimum of HCI and an aliquot of this neutralized solution equivalent to 2 per cent brown sugar added to a 2 per cent C.P. sucrose-mineral medium. A control was also run with neutralized acid alone. The ash, when added to pure sucrose, could not replace whole brown sugar, thus indicating the presence of an organic fraction in brown sugar which promotes penicillin formation.
Glycerol was tried as a source of carbon for increased cell material, because it is readily used for growth by P. notatum and would not lead to gluconic acid formation. Consumption of nitrate during its utilization should also favor the rise in pH. In one experiment at 13 days in 2-per-cent brown-sugar medium containing various concentrations of glycerol, the activity in 2.5 per cent glycerol was 20 Florey units per ml. as against 9 in controls without glycerol. Pellicle weight increased almost proportionally to the concentration of glycerol, about twice as much growth being made at that concentration which gave twice as much penicillin as controls. There was a fairly narrow peak of maximum penicillin formation; glycerol concentrations over 2.5 per cent caused activities to drop off sharply despite the abundance of growth. Final pH values were fairly constant (7.5-7.7) over the range of maximum penicillin formation. A different lot of glycerol, however, did not yield the same beneficial effect on penicillin formation (table 2) . Other irregularities in penicillin formation were noted in comparing distilled and tap water. For a period of several weeks in brown sugar medium, alone or supplemented with glycerol, and even in organic media, tap water repeatedly proved definitely superior to distilled water. Then, gradually the effectiveness of the tap water became lowered to the point where it was no better than distilled water. This particular sequence of events occurred during the winter and spring months in 1942, the change being rather strikingly correlated with the advent qf warm weather. Presumably, the composition of the tap water became considerably modified as a result of the seasonal change in soil conditions. Zinc and penicillin formation These findings, together with the differences between different lots of glycerol, pointed to impurities in glycerol and tap water as the agents responsible for the irregularities noted above. Traces of heavy metals are known (Foster, 1939) to exert profound influences on the growth and metabolism of fungi. Among the most important are zinc, iron, copper and manganese. Zinc proved to be of great importance in growth and penicillin formation by the strain of P. notatum used in this work. The following experiments typify the zinc effect. Two-per-cent brown-sugar medium containing 2 per cent reagent glycerol was prepared with reagent chemicals and distilled water and 85 ml. apportioned in 250 ml. flasks. The various heavy metals were added as in table 3. The data show that zinc had a marked effect on penicillin formation both in the absence and presence of the other heavy metals, whereas manganese, iron and copper were without significant effect singly or combined. There was a definite concentration effect, penicillin production increasing up to 1 to 3 mg. ZnSO4-7H20 per liter and falling off markedly at higher concentrations. This concentration of added zinc remained optimum, irrespective of the presence of different amounts of the other heavy metals in various combinations. Growth was also markedly increased up to the 10 mg. ZnSO4 7H20 level, higher concentrations already becoming toxic. The basal medium probably contained minute amounts of zinc before the supplements were added since some meager growth was made in the controls. It was slower and much less abundant than when zinc was added, but even this amount of growth was made possible only because of the minute amounts of zinc present as impurities in the medium. (Growth of P. notatum can be eliminated almost entirely when the medium is carefully purified to elimiTate zinc.) Presumably the brown sugar contained amounts of zinc undetectable by spectrographic exaiination (below 1 p.p.m.) since some slight growth takes place in the basal medium, which would not be so in the complete absence of zinc. Thus, 1 to 3 mg. per liter of ZnSO4 7H20 (0.23-0.7 p.p.m. Zn on) is close to the absolute optimum concentration of zinc for penicillin formation by this particular strain of P. notatum under the described conditions. Under certain circumstances this amount of zinc or portions of it may already be present in the medium as impurities in the water, chemicals, etc., and none or only smaller amounts may have to be added. A medium deficient in zinc gives a thin, smooth, rubbery surface pellicle usually with very little sporulation so that the pellicle is white. The pH usually falls to about 3.5-4.0 and rises very slowly thereafter, if at all. With amounts of zinc approaching optimum, growth is considerably accelerated, the surface pellicle is much thicker and wrinkled and abundant green sporulation occurs. A characteristic invariably associated with the presence of sufficient zinc is the formation of the yellow pigment, chrysogenin, which imparts a deep ypllow color to the medium. Rapid and abundant formation of penicillin never occurs in surface cultures without formation of the marked yellow pigment, although the reverse is not necessarily true. Zinc-deficient cultures show little yellow pig- (table 4) . Thus, in effect, zinc simply accelerates the formation of penicillin, probably because it accelerates the rise in pH through oxidation of gluconic acid by the mold.
Our data bear out the idea that the role of zinc in penicillin production appears to be concerned with oxidative metabolism of the mold. The presence of zinc enables the mold to oxidize the carbohydrate to completion for utilization for energy and cell synthesis. Zinc appears to catalyze this reaction (Foster, 1939) . In the absence of this element or in cultures deficient in it, glucose is oxidized to gluconic acid which accumulates and lowers the pH to 3.5 to 4.0. The acid is then only slowly further oxidized, and the pH rise lags (table 3) . Since the optimum pH range for penicillin production lies between 6 and 8, the effect of zinc in accelerating the rise in pH is critical.
A certain balance exists between the concentrations of carbohydrate and zinc. As mentioned above, higher carbohydrate concentrations cause the accumulation of more gluconic acid and consequently lower the pH. Within limits, the addition of more zinc tends to counteract this effect, and the duration of the low pH values in such cultures is appreciably shortened.
The depth of liquid in any vessel, especially the ratio between volume of medium and its surface area has an important influence in the final yield of penicillin. Table 5 compares results obtained with flasks of different sizes containing different depths of liquid. The shallower layers are most favorable for penicillin formation, but in the four largest size flasks where the volume/area ratio was constant the smaller flasks gave significantly better and more rapid Out of numerous pure sources of nitrogen, including the individual amino acids, nitrate nitrogen is superior for penicillin formation by P. notatum in synthetic media.
SUMMARY
Different strains of Penicillium notatum differ markedly in penicillin-producing ability, and selection of the most potent strains is of primary importance for 432 on August 29, 2017 by guest http://jb.asm.org/ Downloaded from maximum penicillin production. Active strains tend to degenerate or lose their capacity to produce penicillin, especially after continued serial transfer on laboratory media. This degeneration can be eliminated by reducing vegetative transfers, and a practical system for doing this is described. Plating procedures on active cultures yield isolates with different degrees of penicillin activity.
Under conditions where the acidity of the medium reaches pH 3-4 and remains there for some time before rising, notatin is formed by P. notatum. Penicillin is produced when the pH does not fall so low and rises rapidly to 6.0-8.5. Extreme purity of the medium ingredients induces the appearance of the low pH and formation of notatin. The presence of certain trace elements, notably zinc under these conditions, and also organic supplements, favors the rapid rise in pH and formation of penicillin. Zinc in particular acts in this manner by catalyzing the complete oxidation and utilization of glucose by the mold, thus preventing the accumulation of gluconic acid which is responsible for the fall in pH of the medium.
